This Letter reports the design, fabrication, and experimental characterization of hyperbolic materials showing negative refraction and energy funneling of airborne sound. Negative refraction is demonstrated using a stack of five holey Plexiglas plates where their thicknesses, layer separation, hole diameters, and lattice periodicity have been determined to show hyperbolic dispersion around 40 kHz. The resulting hyperbolic material shows a flat band profile in the equifrequency contour allowing the gathering of acoustic energy in a broad range of incident angles and its funneling through the material. Our demonstrations foresee interesting developments based on both phenomena. Acoustic imaging with subwavelength resolution and spot-size converters that harvest and squeeze sound waves irradiating from many directions into a collimated beam are just two possible applications among many.
A hyperbolic material has a characteristic feature: the wave vector of a propagating plane wave follows the surface of a hyperboloid in contrast to an ellipsoid, which is the surface associated with the propagation inside a conventional anisotropic material. In optics, a variety of interesting applications have been already described using hyperbolic materials [1, 2] .
In their acoustic counterpart, artificial structures with hyperbolic dispersion have been already employed to measure subwavelength resolution [3] . Hyperbolic dispersion for airborne sound can be obtained in two dimensions (2D) using acoustic metamaterials based on anisotropic lattices of cylindrical scatterers embedded in a fluid [4] . Hyperbolic metamaterials showing negative acoustic refractive index can be obtained with properly designed scattering units [4] .
A recent proposal [5, 6] uses periodically perforated hard plates to obtain hyperbolic dispersion of sound waves. Negative refraction is theoretically obtained at certain incident angles tilted with respect to normal incidence. Energy funneling is also another phenomenon associated to these extremely simple structures if the hyperbolic dispersion shows a flat profile. In spite of the numerous interesting applications foreseen for these materials in acoustics, scarce experimental works have been reported for airborne sound using those simple structures.
This Letter reports measurements showing negative refraction and energy funneling in artificial structures consisting of perforated Plexiglas plates embedded in air. Our demonstrations comprise not only new material properties with striking wave phenomena but also applications that could open the road of developing actual devices based on this simple structure.
The design of the holey structure leading to negative refraction was performed following the model introduced in Refs. [5, 6] . In brief, the model considers an infinite stack of rigid plates like the Plexiglas plates described in Fig. 1 . Analytical expressions giving the acoustic band structure of the hyperbolic material are developed using a few simplifying assumptions [6] . First, the structure is perfectly rigid and, therefore, the sound waves only propagate in air and the normal derivative of acoustic pressure vanishes at the plate and hole-wall surfaces. This assumption is amply fulfilled for Plexiglas due to the huge mismatch of its acoustic impedance with that of air. Second, we also consider that the holes diameter is much smaller than the air wavelength, implying that only monopolar modes are excited at each hole. Finally, the distances between nearest-neighbor holes in the plate and between consecutive plates are assumed large enough to consider that the response of each hole is given by the amplitudes of the scattering monopoles that it produces on its upper and lower parts. The reader is referred to Ref. [6] , where details of the expressions obtained using these simplifications are given.
The analytical model was employed to determine the geometrical parameters of the structure (D, a x , a z , t, s) giving rise to a hyperbolic dispersion at around 40 kHz. The inset in Fig. 2 shows the equifrequency surfaces (EFS) calculated at 41 kHz for pressure waves propagating in free space (circular blue curve) and inside the infinite hyperbolic material (red continuous lines). The dotted lines plotted near the continuous ones represent EFS with slightly larger frequency. They are added in order to illustrate the directions (short arrows) of the group velocity v g ¼ ∇ k ω, which indicates that the energy flow is normal to the EFS in wave-vector space. From the EFS it is easy to predict the transmission behavior at the air-material interface. Thus, pressure waves propagating in free space with an angle ϕ inc tilted with respect to the z axis (thin blue arrow) will conserve the parallel component of the wave vector across the interface. For the hyperbolic material, the angle conserving k jj (thin red arrow) will propagate inside the structure following the direction represented by the thick red arrow, which corresponds to a negative value of ϕ ref indicating negative refraction. It is also concluded from the EFS that negative refraction is predicted for a broad range of incident angles (see Fig. 2 ). In addition, the hyperbolic EFS shows a broad flat profile indicating that for a wide range of incident wave vectors the resulting propagating direction inside the material is perpendicular to its surface, i.e., ϕ ref ¼ 0°. This feature means that the designed material is capable of collecting waves arriving to the material surface from many different directions, collimating them along the normal and funnel the energy through the bulk material.
The two phenomena described above are supported by numerical simulations using the finite-element-method program COMSOL MULTIPHYSICS. The calculations were performed using the configuration schematically depicted in Fig. 1(c) where the impinging sound was simulated with a Gaussian beam having the same thickness than the emitter transducer. Further details of COMSOL simulations are found in the Supplemental Material [7] . Simulations were conducted for many different incident angles, ϕ inc . The calculated refracted angles ϕ ref as a function of the incident angles ϕ inc are represented in Fig. 2 for two different frequencies. These results support the predictions embedded in the EFS described in the inset, which indicates the existence of a broad range of impinging angles for which the propagation is perpendicular to the surface ϕ ref ¼ 0, and another broad range of incident directions in which negative refraction is obtained ϕ ref < 0. Figure 3 (a) presents a typical simulation showing the snapshot of the pressure map calculated for an impinging beam with frequency 41 kHz and tilted 45°with respect to the normal. Note that the position of the outgoing beam clearly indicates a negative angle of refraction inside the sample. From this data ϕ ref can be extracted, corresponding to a specific point in the curves shown in Fig. 2 . A motion picture depicting the incident and scattered pressure fields (with frequency fixed at 41 kHz) as a function of ϕ inc is presented in the Supplemental Material Movie S1 [7] . Experimental measurements confirm the theoretical predictions. Firstly, negative refraction was demonstrated using a sample made of assembling five 12 × 26 cm 2 Plexiglas plates. These plates were milled and drilled with the geometrical parameters determined by the analytical model. Photographs of the sample are given in Fig. 1(a) -(b) and the caption reports its parameter dimensions. A scheme of the experimental setup employed in the measurements is described in Fig. 1(c) . In brief, the sample is mounted in a rotary holder so that the angle of the incident beam with respect to the normal ϕ inc can be manually selected. The incident beam travels a distance d ¼ 7 cm from the emittertransducer (of diameter 25 mm) to the front face of the sample. The emitted signal consists of a short chirp whose energy is distributed between 36 and 44 kHz. At the back side of the sample, a receiver-transducer (of diameter 8 mm) is moved to scan the pressure over a rectangular area of 10 × 20 cm 2 with steps of 2.5 mm, the longer side of this rectangle being parallel to the plates of the sample. At each position the receiver acquires the transmitted field, which is then processed through a Fourier transformations. Note that the emitted signal is pulsed and the reception is performed for a limited time to avoid unwanted reflections of the surrounding environment. The refractive angle ϕ ref is determined through a geometrical procedure derived from the scheme shown in Fig. 1(c) . Here the dotted line defined by the points A and A 0 is perpendicular to the transmitted beam, which has the same angle as the incident one. From the point along this line where the pressure takes a maximum it is possible to know the position of the beam, and therefore the angle ϕ ref . Figure 3 (b) shows a snapshot of the measured pressure map for the angle ϕ inc ¼ 45°where negative refraction is clearly observed. Note that the additional beam appearing in the bottom of the scanned area is an artifact of our experimental setup produced by a side lobe of the emittertransducer. The behavior of this beam has been completely discarded in our discussions. A motion picture showing the pressure map as a function of the frequency is presented in the Supplemental Material Movie S2 [7] .
The negative refraction behavior as a function of the frequency is clearly appearing in Fig. 4 which represents the pressure amplitude profiles taken along the line AA 0 depicted in Fig. 4(b) . The white line joins the points with maximum amplitude and, therefore, represents the frequency dependence of ϕ ref for the given incident angle, ϕ inc ¼ 45°. The simulations using the finite element method [see Fig. 4(a) ] overestimate the refractive angles obtained from the measurements [see Fig. 4(b) ], but both give support to our claim of negative refraction associate to these structures for a broad span of angles and frequencies. The complexity of the threedimensional simulations which involve a huge number of finite elements and the differences between the actual exciting beam with the Gaussian beam employed in the numerical algorithm are the reasons explaining the discrepancies observed between theory and experiments. Note that the Gaussian beam is two dimensional, with the same values along the vertical z axis, while the sound excited by the emitter transducer is a true three-dimensional beam.
Negative refraction was previously demonstrated using acoustic metamaterials based on space coiling [8, 9] , the drawbacks of these structures being their difficult fabrication in comparison with those studied here and their strong lossy characteristics [10] . Negative refraction was also demonstrated in phononic crystals with a fluid (liquid or air) matrix surrounding solid inclusions [11, 12] and recently using a foamlike metallic structure [13] . All of them are based on the negative slope of some high frequency bands in the dispersion relation. Our demonstration, which is based on strongly hyperbolic dispersion, can be considered as a structure with less fabrication demands and difficulties. Furthermore it does support further functionalities as compared to other configurations. Another advantage is that the structure is tunable; i.e., the parameters are scalable to work at a given prefixed frequency.
Energy funneling is obtained with strongly anisotropic hyperbolic materials; i.e., when the bottom of the hyperboloid is extremely flat as is the case in the structures under study here (see the inset of Fig. 2) . Thus, the waves arriving to the material surface within certain incident angles are refracted into a direction normal to the surface. The resulting collimated beam experiences a ballistic transmission inside the material bulk until the sample rear side where it is radiated to the free space. Eventually an acoustic waveguide with the same thickness than the beam could be added to insert the outgoing energy into an acoustic circuit.
The experimental demonstration of the funneling effect has been performed here using a sample constructed by assembling nine Plexiglas plates, the emitter-transducer being placed at d ¼ 7 cm from the sample front surface. According to the scheme in Fig. 1(c) , the sound pressure was acquired at position P 1 as a function of the incident angle ϕ inc , in steps of 2.5°. Figure 5 shows the frequency dependence of the measured pressure amplitude for incident angles between 0°and 60°. The main feature characterizing the funneling effect is clearly observed; that is, the pressure at P 1 does not change against strong variations of the incident angle. This feature is particularly remarkable for frequencies between 40.5 and 42 kHz. The inset shows the profile taken at 41 kHz, where the pressure profile is practically flat for angles between 0°and 22°, confirming the predictions of the calculated hyperbolic profile depicted in Fig. 2 . A motion picture showing the frequency dependence of the emitted beam propagating in free space is presented in the Supplemental Material Movie S3 [7] . This is not the first demonstration of funneling of acoustic energy with perforated structures, but the previous one [14, 15] and the phenomenon was obtained resonantly, using acoustic surface waves. Here, on the contrary, it is a nonresonant phenomenon and consequently its bandwidth is not strongly limited.
Another interesting phenomenon that is also related to the hyperbolic band profile is the squeezing and collimation of the emitted beam. Both effects squeezing and collimation are consequences of the strong anisotropy of the hyperbolic EFS: for the larger incident angles the beam is negatively refracted while for all the angles smaller than a certain value, the beam is collimated along the direction normal to the surface. The experimental data demonstrating these effects are reported in Fig. 6 . The frequency dependence of the beam measured after passing through the sample is given in the Supplemental Material Movie S4 [7] .
In summary, we have demonstrated negative refraction and energy funneling of airborne sound by simple artificial structures made of assembling a few holey Plexiglas plates. It is shown that these structures show hyperbolic dispersion bands, a feature providing ingenious ways to control and manipulate sound waves, equivalent to those proposed in optics and microwaves [1, 2] . Acoustic hyperlenses and spot-size converters will allow the application of the phenomena reported here for acoustic imaging and acoustic circuits, respectively.
